Denitrification bioreactors to reduce the amount of nitrate-nitrogen in agricultural drainage are now being deployed across the U.S. Midwest. However, there are still many unknowns regarding internal hydraulicdriven processes in these engineered treatment systems. To improve this understanding, the internal flow dynamics and several environmental parameters of a denitrification bioreactor treating agricultural drainage in Northeastern Iowa, USA were investigated with two tracer tests and a network of bioreactor wells. The bioreactor had a trapezoidal cross section and received drainage from approximately 14.2 ha at the North East Research Farm near Nashua, Iowa. It was clear from the water surface elevations and the continuous pressure transducer data that flow was attenuated within the bioreactor (i.e., reduction in peak flow as the hydrograph moved down gradient). Over the sampling period from 17 May to 24 August 2011, flow conditions and internal parameters (temperature, dissolved oxygen, oxidation reduction potential) varied widely resulting in early samplings that showed little nitrate removal ranging to complete nitrate removal (7-100% mass reduction; 0.38-1.06 g N removed per m 3 bioreactor per day) and sulfate reduction at the final sampling event. The bioreactor's non-ideal flow regime due to ineffective volume utilization was a major detriment to nitrate removal at higher flow rates. Regression analysis between mass nitrogen reduction and theoretical retention time (7.5-79 h) suggested minimum design retention times should be increased, though caution was also issued about this as increased design retention times and corresponding larger bioreactors may exacerbate detrimental by-products under low flow conditions. Operationally, outlet structure level management could also be utilized to improve performance and minimize detrimental by-products. 
Introduction
Deteriorating water quality in the U.S. Midwest associated with subsurface agricultural drainage nitrate-nitrogen (NO 3 − -N) loads has caused multi-scale environmental concern. From impaired local water bodies in this region (IDNR, 2006) to the national challenge of the Hypoxic Zone in the Gulf of Mexico (USEPA, 2007 (USEPA, , 2011 , new options are needed to mitigate N losses from agricultural drainage systems. Denitrification bioreactors, sometimes referred to as woodchip bioreactors, denitrification beds, or biofilters, are being trialed in the U.S. Midwest as an on-farm strategy to reduce N loads from field-sized areas (Van Driel et al., 2006; Jaynes et al., 2008; Christianson et al., 2009; Schipper et al., 2010; Woli et al., 2010) . Recent work with these enhanced denitrification systems has shown promising N-removal with annual load reductions as high as 98% (Verma et al., 2010) , though more typical reductions have been in the range of 42-54% in Illinois (four siteyears from Verma et al., 2010; Woli et al., 2010 ) with a mean of 32% N reduction for seven site-years in Iowa (Christianson et al., 2012) . Because denitrification bioreactors for agricultural drainage are still considered an emerging technology (Christianson et al., 2009) , there is much to be learned not only about design and overall annual performance, but also about the internal dynamics of these engineered treatment systems. As many recently installed bioreactors have long and narrow orientations (i.e., "trench" designs with length to width ratios, L:W, of at least ≈5:1; Christianson et al., 2011a ; University of Illinois, 2011) , it would be beneficial to have greater understanding of how flow and physical/chemical parameters (e.g., temperature, dissolved oxygen (DO), oxidation reduction potential (ORP), and NO 3 − -N concentrations) change along the length of these reactors during drainage events or throughout the drainage season. Because denitrification is a microbially mediated, anoxic process where NO 3 − and subsequent nitrogenous oxides are reduced, this knowledge may help optimize the design of these reactors for different conditions (Korom, 1992; Metcalf and Eddy, 2003) . Tracer testing is one common method to investigate internal reactor hydraulics and such tests in related work have been used to approximate in situ wood media porosity, average hydraulic retention times, and pore water velocity (Schipper et al., 2005; Van Driel et al., 2006) . Tracer testing of enhanced denitrification systems can also be a valuable tool for elucidating reasons for poor performance such as testing by Schipper et al. (2004) that confirmed groundwater bypassed underneath a denitrification wall rather than through. Most recently, Cameron and Schipper (2011) used tracer testing to investigate the effect of inlet and outlet position upon short circuiting of flow in denitrification systems. Short circuiting is technically defined as a nonideal flow regime occurring when a portion of the flow exits the reactor outlet before the bulk of the flow that it entered with (Metcalf and Eddy, 2003) ; this can be a serious detriment to reactor performance as it decreases the interaction time between water and denitrification sites and indicates inefficient use of the reactor volume. Potential causes of such non-ideal flow regimes include poor mixing, inadequate design, and location of inlets and outlets (Metcalf and Eddy, 2003; Cameron and Schipper, 2011) .
To quantify non-ideal flow performance in reactors, several measures have been developed based upon tracer residence time distribution curves. Originally, Thackston et al. (1987) defined "hydraulic efficiency" (later, more precisely termed "effective volume") as the ratio of mean tracer residence time to theoretical hydraulic retention time (Eq. (1)):
where e is the effective volume, t is the mean tracer residence time, T is the theoretical retention time, V is the active flow volume, Q is the flow rate through the reactor, and with the addition of wood media porosity ( ) here to reflect the porous woody media. The mean tracer residence time is calculated:
where t i and C i are the time and tracer concentration, respectively, of the ith sample, and t i is the time increment between measurements (Metcalf and Eddy, 2003) . Zones preferentially avoided due to by-passing flow short circuiting (i.e., dead zones) cannot truly be considered part of the reactor volume, thus making the tracer residence time less than the theoretical retention time and the effective volume less than the actual volume (Thackston et al., 1987) . Thackston et al. (1987) also indicated that a "hydraulic efficiency correction factor" of 1/e could be used as a design tool to correct for differences in residence and retention times. Plug flow reactors can be modeled in part as a series of continuously stirred tank reactors (CSTRs) where an infinite number of completely mixed CSTRs in series reflects plug flow conditions (Kadlec and Knight, 1996) . Considering this, a hydraulic efficiency metric needs to include factors describing a reactor's extent of mixing (i.e., number of CSTRs in series or dispersion of tracer curve) as well as the reactor's ability to distribute flow evenly (i.e., uniform flow profile across entire volume) (Persson et al., 1999) . Persson et al. (1999) combined both an effective volume term and a mixing component into a newer, more descriptive hydraulic efficiency term (Eq. (3)).
where is hydraulic efficiency, N is the theoretical number of CSTRs in series, and t p is the time the peak tracer concentration eluted. The number of CSTRs in series (N) has been defined by Kadlec and Knight (1996) as: Persson et al. (1999) defined "good", "satisfactory", and "poor" hydraulic efficiency as > 0.75, 0.5 < ≤ 0.75, and ≤ 0.5, respectively. A specific measure of short circuiting, S (Ta and Brignal, 1998; Eq. (5) ), has also been developed for tracer information.
where t 16 and t 50 are the times at which 16% and 50%, respectively, of the tracer eluted. An S nearer to zero indicates the reactor may be experiencing short circuiting whereas more ideally performing reactors have S values nearer to 1.0. Additionally, the Morrill Dispersion Index (MDI) is an indicator of mixing that was endorsed by Teixeira and Siqueira (2008) in an assessment of such indices (Eq. (6)).
where t 10 and t 90 are the times at which 10% and 90%, respectively, of the tracer eluted (Metcalf and Eddy, 2003) . A theoretically ideal plug flow reactor would have an MDI of 1.0, but an MDI less than two is indicative of "effective" plug flow (Metcalf and Eddy, 2003) . In addition to conservative tracer testing, well or piezometer networks have been used to monitor internal bioreactor dynamics (Van Driel et al., 2006; Chun et al., 2010; Warneke et al., 2011) . These networks allowed documentation of changing NO 3 − , DO, and ORP within the reactors but past studies only report this information on only one date (Van Driel et al., 2006) or during specific testing conditions . Moreover, all these tracerand piezometer-monitored systems differed in design from more current long and narrow Midwestern bioreactors that use flow controlling structures. Additionally, while work by Warneke et al. (2011 ), Schipper et al. (2004 , 2005 , and Cameron and Schipper (2011) provided insight into the benefits of tracer and well-based monitoring, these reports investigated treatment of hydroponic waste water, groundwater, and municipal waste water, each of which are distinct from agricultural drainage water chemically and in regard to flow-regime. There is clearly a need for tracer testing and well-based monitoring of drainage bioreactors in the U.S. Midwest as there have been very few studies of hydraulics and efficiency in denitrification systems . Here, a bioreactor in Northeastern Iowa, USA with low NO 3 − removal performance was chosen for a study of its internal dynamics and flow hydraulics with such tests. These contributions are unique as, while other authors have indicated this "emerging technology" shows promise, this work allows insight into changing flow and environmental characteristics inside a bioreactor over a drainage season, clarifies reasons for sub-optimal NO 3 − removal performance of this reactor, and provides an evaluation of design parameters.
Materials and methods

Site description
A woodchip denitrification bioreactor with a trapezoidal cross section (1:1 sides, 36.6 m L × 4.6 m top W × 1.0 m D, unlined) was installed at the North East Research Farm near Nashua, Iowa in April 2009 (Fig. 1) . Inflow and outflow flow manifolds consisted of perforated tile drainage pipes placed at the bottom of the bioreactor that were connected to the control structures with non-perforated tile pipe. The locally purchased hardwood chips were similar in size and shape to chips evaluated by Christianson et al. (2010) (i.e., similar to chips the majority of which fell in the 9.5-25.4 mm particle size range) which had an average saturated hydraulic conductivity of 9.5 cm s −1 (Christianson et al., 2010) . Like most drainage bioreactors in the Midwest, this reactor was designed and installed with a by-pass pipe to accommodate peak flow events. It was estimated approximately 14.2 ha of agricultural land drained to this bioreactor which was further described by Christianson et al. (2012) . In this previous work, this bioreactor had the lowest NO 3 − removal performance of four bioreactors in Iowa compared over several years (Christianson et al., 2012) . Bioreactor and bypass flow rates were calculated based on continually logging pressure transducers placed in the inlet and outlet control structures (depth logged every 15 min, Solinst Model 3001 Levelogger Junior). Forty-five degree v-notch weirs were installed in the structures to allow better estimation of flow rates especially at low flows; these calculations were described in more detail by Christianson et al. (2012) . Bioreactor flow rates were calculated based on the outlet structure v-notch weir and transducer reading with conservation of mass for water assumed within the unlined reactor. The inlet structure v-notch weir and transducer were used to determine by-pass flow. For this study, the inlet structure stop logs were set at approximately 0.76 m and the outlet structure logs were set at 0.20 m both measured from the bottom of the structures and including the height of weir below the "v". Due to lack of bioreactor management experience and no existing management guidelines for this emerging technology, the bioreactor stop logs were not more actively managed during this period. Theoretical retention time for drainage water within the bioreactor was based upon the active flow volume, an assumed woodchip porosity of 0.65, and the calculated bioreactor flow rate (denominator of Eq. (1)). The porosity of 0.65 was developed from work by Christianson et al. (2010) for similar woodchips. These previous methods estimated total porosity (i.e., including intraporosity, not just drainable porosity) by saturating woodchips for 24 h, adding additional water to account for woodchip water absorption over this period, and then using the total volume of water to calculate the porosity value. The NO 3 − -N removal rate was calculated from the incremental mass of N removed on a sample date divided by the volume of the entire reactor (128.1 m 3 ); in other words, the influent and effluent concentrations along with their corresponding sample date's treated flow volume were used to calculate the mass of N removed for that day which was then divided by total reactor volume.
Well sampling and flow depths
To better understand internal bioreactor dynamics, well clusters were installed at 5. 2, 11.6, 17.7, 24.1, 29.3, and 35 .7 m from the inlet along the bioreactor's longitudinal profile (Fig. 1 ). Each well cluster contained two PVC wells (4 cm diameter), one screened between 15 and 30 cm and one screened between 46 and 61 cm from the bottom of the reactor. Samples were collected from these wells five times: 17 May, 30 May, 29 June, 28 July, and 24 August. This period was chosen to capture a range of flow conditions typical of U.S. Midwestern drainage. In the Midwest, the highest drainage flows typically occur in early spring months with flow generally reduced to zero in late summer as the evaporative demand of the predominant corn and soybean cropping system shifts the water balance (Patni et al., 1996; Mirek, 2001; Kladivko et al., 2004) . Due to limited data collection capabilities during the 24 August sample event, flow data from 23 August and an influent water sample collected on 22 August were used for this date.
During sampling at each well, the depth to water was measured (Solinst water level meter Model 101), a volume of at least 300 mL was purged from the well, and the depth to water was re-measured to ensure the well had refilled before collecting the approximately 100 mL sample. After sample collection, DO/temperature and ORP probes were inserted to within approximately 5 cm from the bottom of the wells (Fisher Scientific Accumet AP74 and WTW SenTix ORP Electrode Probe). Sampling was never achieved from the wells screened nearer to the bioreactor surface as the water elevation was not high enough to allow purging and subsequent sample collection. All samples were stored at 4 • C until analysis for NO 3 − -N + NO 2 − -N using a Cd-reduction method (Lachat Quick-Chem 8000 automated analyzer; Standard Methods, 1998) and for sulfate (SO 4 2− ) using the Hach ® sulfate method 8051 (USEPA SulfaVer 4 method; barium sulfate precipitation) in the Iowa State University Agricultural and Biosystems Engineering Water Quality Research Laboratory.
Well 2 was additionally chosen for permanent placement of a pressure transducer to continuously log well water depth (Global Water Instrumentation, Inc. WL16 Water Level Logger). At 11.6 m from the inlet structure, Well 2 provided a suitable central location to investigate bioreactor water depth over the monitoring period. Table 1 Tracer testing parameters for two tracer tests done at a bioreactor in Northeast Iowa: T is the theoretical retention time (denominator of Eq. (1)), t is the mean tracer residence time, e is the effective volume, is the hydraulic efficiency, S is a measure of short circuiting developed by Ta and Brignal (1998) , MDI is the Morrill Dispersion Index, and N is the number of continuously stirred tank reactors (CSTRs) in series used to model the system; only samples collected from the outlet during the May 17 tracer testing were used to calculate parameters shown. To ensure accurate calculation of water surface elevation, the control structures and wells were surveyed to determine their relative elevations. Note, though the bioreactor was 36.6 m in length, the total distance between the control structures was 41.5 m.
Tracer testing
Two bromide tracer tests were performed in May 2011 where at the start of each test, a concentrated potassium bromide solution (3.0 kg KBr dissolved in 20 L water) was poured into the inlet structure to provide a slug of conservative tracer. It required less than 1 min to pour the tracer solution into the structure at a consistent rate and solution dilution in the structure was assumed to be minimal due to the relatively rapid flow rates of these tests (i.e., 1.30 and 0.69 L s −1 ). During the first tracer test (termed "May 17 tracer (all wells sampled)") conducted on 17 May from 9:00 to 17:00, samples were collected hourly from each well and from both control structures. During this test, it took approximately 40 min to collect all eight samples for each round of hourly sampling.
The second tracer test (termed "May 30 tracer (outlet only sampled)") on 30-31 May utilized only samples collected from the outlet structure over a period of 20 h after KBr injection. For this test, two autosamplers (Teledyne Isco 6712 Portable Sampler) were used to collect effluent; one autosampler collected samples every 30 min for 12 h, while the second autosampler was programed to collect samples every 2 h for a period of 20 h. Stop logs in the inlet structure were set to prevent by-pass flow for both tracer tests. Samples from these tests were analyzed colorimetrically for Br − with a Lachat Quick-Chem 8000 automated analyzer (Standard Methods, 1998) . For each test, tracer residence time was calculated to compare with theoretical retention time via the effective volume metric (e), and the reactor was evaluated in terms of hydraulic efficiency ( ), a short circuiting metric (S), the Morrill Dispersion Index (MDI), and the theoretical number of CSTRs in series (N).
Results
Tracer testing
The May 30 tracer test (outlet only sampled) captured just over three cumulative pore volumes which was sufficient to represent the entire tracer curve (Fig. 2) . Based on the average bioreactor outflow rate of 1.30 ± 0.09 L s −1 (mean over 20 h test) and the average reactor flow depth of 0.43 m (mean depth of water in the inlet and the outlet structures) during this tracer test, the theoretical retention time was 6.35 h. The tracer peak occurred earlier than the one cumulative pore volume predicted if this reactor were operating under ideal flow conditions (Metcalf and Eddy, 2003) . The tracer residence time of 3.48 h was only 55% of the theoretical retention time (Table 1) .
Other calculated parameters from this May 30 tracer test (outlet only sampled) showed low hydraulic efficiency ( = 0.40) but relatively low dispersion (MDI = 3.2). Tracer recovery was greater than 100% (116%) which was likely due to an estimation error in the precise volume of concentrated Br − solution, error associated with dilution and laboratory analysis of the highly concentrated Br − solution, or an inaccuracy associated with flow measurement. The May 17 tracer test (all wells sampled) showed the Br − concentration peak diminished within the second half of the bioreactor (Fig. 3a and b) . As the tracer reached the 3rd well and beyond (i.e., 17.7 m from inlet), the tracer curves noticeably flattened indicating Br − attenuation and obvious short circuiting in the second half of the reactor (Fig. 3a) . This was further highlighted in Fig. 3b as the tracer peaks occurred in Wells 4 through 6 and at the outlet at very similar times from the start of the test. Note the relatively smaller area under the curve for the 0:00 h sample event compared to the area under the 1:00 h sample curve in Fig. 3a may have been because the influent structure was sampled last during each sampling event (i.e., approximately 40 min after Well 1).
Based on the average bioreactor flow rate during the May 17 tracer test (all wells sampled) of 0.69 ± 0.04 L s −1 (mean over approximately 9 h test) and average flow depth of 0.37 m (mean structure water height), the theoretical retention time during this test was 9.96 h. Although the May 17 tracer test (all wells sampled) had a lower flow depth and corresponding smaller flow volume than the May 30 tracer test (outlet only sampled), the lower flow rates resulted in a higher theoretical retention time than in the subsequent May 30 test (outlet only sampled). Using samples only collected from the outlet structure during this May 17 tracer test (all wells sampled) allowed calculation of a mean tracer residence time of 3.12 h and an e of 0.31 (tracer recovery at the outlet structure: 60%; Table 1 ).
Water surface elevations
The bioreactor surface had a 2.0% grade between inlet and outlet structures, and there was a 1.3% grade between the bases or bottoms of the two structures underground (Fig. 4) . This difference in elevation between the bases of the two structures resulted in an additional 0.52 m of head difference regardless of water depth in the structures.
The height of the outlet structure stop logs roughly determined the minimum depth of water within the bioreactor (Fig. 4) . This was clear especially during the 28 July and 24 August sample dates where there was very low drainage inflow, yet the bioreactor maintained an average saturated depth of 0.23 ± 0.04 m and 0.20 ± 0.04 m for the two dates, respectively (averaging well water depths). During the higher flow sample dates, the water depths showed a rapid head drop caused by the entry of water into the woodchips. This meant, on 30 May, for instance, an assumed linear water surface between the water depths in the two structures resulted in an average depth of 0.48 m which was higher than the average bioreactor water depths based on all eight points or based on the six wells (0.42 ± 0.15 m or 0.40 ± 0.05 m, respectively). Similar to these water surface level elevations and the May 17 tracer testing (all wells sampled), the continuous water depth monitoring showed the peak of the hydrograph was reduced as it moved down gradient (i.e., peak attenuation) (Fig. 5) . Water depths great enough to cause by-pass flow (i.e., >98.67 m relative to 100 m, inlet structure stop logs set at 0.76 m) during high flow drainage events were reduced within the bioreactor by the time this flow reached Well 2 (i.e., 11.6 m from front bioreactor edge) and again by the time the flow reached the outlet structure. This was possibly due to the inlet configuration and diversion of water from the inlet pipe to the much wider bioreactor. Flow depths above 98.67 m (relative to 100 m) at the inlet resulted in by-pass flow on 15-17 June, 21-22 June, and 22-24 June. During these high flow events, bioreactor flow rates averaged 1.99 ± 0.17 L s −1 .
These data highlight the potential for rapidly changing flow conditions within a bioreactor as within 4 h on 15 June (02:34-06:34), for example, the bioreactor flow rate increased nearly fivefold from 0.45 to 2.18 L s −1 (outlet water depth increased 0.05 m from 97.64 to 97.69 m relative to 100 m). Given the associated change in inlet water depth of 0.40 m (to the maximum of 98.67 m), the theoretical retention time over this 4.0 h period decreased from 13.3 to 4.7 h (based on flow volume using linear water surface between inlet, outlet and Well 2).
Closer investigation of an especially "flashy" drainage high flow event showed time distribution of the peak depth as it progressed through the reactor (Fig. 6 ). During the event on 15 July, the inlet water height peaked at approximately 20:18, Well 2 peaked approximately 45 min later at 21:02, and the outlet peaked approximately 25 min after that at 21:28. This event peak took 45 min to travel the first 11.6 m but required only 25 min to travel the remaining 29.9 m to the outlet. These data further showed, despite the potential for quickly changing retention times, the reactor was able to accommodate the peak inflow without an equivalently large increase in outlet flow depth. This may have been because during the event, the increased inflow and corresponding increased inlet water depth increased the head gradient across the bioreactor.
Monitoring well chemistry
Over the length of the bioreactor, water temperature did not change noticeably though the temperature did increase at the inlet over the summer from 8.9 • C on 17 May to 17.1 • C on 24 August (Fig. 7a) . In addition to this change in water temperature, the influent solution DO ranged from greater than 6 mg DO L −1 in late May to less than 3 mg DO L −1 3 months later (Fig. 7b) ; this decline was likely due to greater biological activity in the soil in the later, warmer months as well as potentially to lower oxygen saturation in water at higher temperatures. Denitrification can proceed at DO concentrations of as high as 0.5 mg DO L −1 (albeit at 17% of the maximum rate; Metcalf and Eddy, 2003) , and here, conditions of at least less than 1.0 mg DO L −1 were generally achieved within approximately half the bioreactor length for the 30 May sample date and afterwards. On most occasions, DO values measured along the entire length of the reactor remained above the threshold value of 0.5 mg DO L −1 considered capable of impeding denitrification activity. However, anoxic zones may have been prevalent in internal pores of the woodchips despite some bulk solution DO values being above this threshold. Importantly, the ORP measurements did not indicate conditions were suitable for denitrification (i.e., +50 mV to −50 mV ORP; YSI Environmental, 2008) at any point within the reactor during the first three sample events and only in the second half of the reactor on the 28 July event (Fig. 7c) .
The ORP-indicated absence of denitrification conditions was corroborated by the very small reductions in NO 3 − -N concentrations across the bioreactor for the first three sample events (Fig. 7d) . The theoretical retention times for this sampling period ranged from 7.53 h on 17 May to nearly 80 h on 24 August (Table 2) , but because N removal was nitrate limited during the August sampling event, this point was not included in the regression analyses. Nevertheless, the remaining four retention times were positively correlated with N removal (Fig. 8, Original Regression) . This regression was statistically significant (p = 0.0007, R 2 = 0.99); however, percent N mass reduction regressions with both influent water temperature (p = 0.18, R 2 = 0.68) and influent DO (p = 0.90, R 2 = 0.01) were not statistically significant.
Similar to the hydraulic efficiency correction factor (Thackston et al., 1987) , modified retention times were calculated using the e developed from each tracer test (i.e., divided T by 1/e). These values were used to linearly shift the theoretical retention times calculated for the five sampling events (Table 2 and Fig. 8, modified  regressions) .
The N mass removal rates (0.38-1.06 g N m −3 d −1 , Table 2 ) were within the range of removal rates reported in literature, albeit at the low end Christianson et al., 2012) . Note, because the DO was not completely removed during some sampling dates, these removal rates are simply "observed" rates rather than maximum possible rates under ideal denitrification conditions. Temperature was not a significant predictor of removal rate (p = 0.78, R 2 = 0.05). While there was a trend of increasing removal rate with increased temperature for the first three sample events, the July and August data negated this relationship. This may have been because the relatively low late summer flow rates (and thus influent N-limited removal especially in August) superseded the importance of temperature. The relatively similar removal rates for the first four sample events (17 May through 28 July) indicated bioreactor operation under conditions of non-nitrate limited operation. Table 2 Northeast Iowa denitrification bioreactor flow depth and rate for five sample dates with associated theoretical retention times (original and modified based on two tracer tests) and N removal parameters. Sample date 
Discussion
Internal hydraulics
The tracer tests provided significant evidence that a nonideal flow regime occurred within the bioreactor which partially explained the poor performance of this reactor compared with others in Iowa (Christianson et al., 2012) . The effective volumes (e) for both tracers were much less than 1.0, the indicator of uniform flow, and were similar to qualitative notation from Thackston et al. (1987) where e = 0.25 described a reactor with a large dead zone and e = 0.50 described a reactor with a moderate dead zone. The e of 0.55 for the May 30 tracer test (outlet only sampled) was within range of the lowest values reported by Cameron and Schipper (2011) , who, by changing the location of inlet and outlet, noted denitrification beds using up-or down-flow had less short circuiting (e ≈ 0.76 to 0.94) than horizontal flow reactors (e ≈ 0.42 to 0.83).
In addition to effective volume, the hydraulic efficiency indicators ( = 0.40 and 0.20) corroborated this was a non-ideally performing reactor. Based on Persson et al.'s (1999) evaluation metric, the reactor was operating in the "poor hydraulic efficiency" category (i.e., ≤ 0.50). The distribution of peaks in the May 17 tracer test (all wells sampled) (Fig. 3) and the time distribution of the drainage hydrograph events (Fig. 6 ) likely indicated suspected short circuiting occurred in the second half of the reactor. For example, the drainage hydrograph peak in Fig. 6 traveled at approximately 0.25 m min −1 between the inlet and Well 2, while it traveled at 1.2 m min −1 between Well 2 and the outlet.
As noted by Persson et al. (1999) , good hydraulic efficiency means that both plug flow conditions and effective reactor volume utilization are achieved. Here, the bioreactor volume was not utilized effectively, but the plug flow conditions were not as severely violated. Though the MDI of 3.2 was outside the range of "effective plug flow" because it was greater than 2.0 (Metcalf and Eddy, 2003) , it was within the range of MDIs for previous pilot-scale bioreactor testing that did not experience such diversions between T and t (Christianson et al., 2011b,c) . Additionally, the short circuiting indicators (S = 0.76 and 0.55) were similar to S values calculated by Persson et al. (1999) for "good" and "satisfactory" wetlands and ponds; note these ponds had 's between 0.59 and 0.76, much higher than observed here. Lastly, the N values here were near 3.0 which Kadlec and Knight (1996) indicated was the N value sufficient to represent several wetland systems. As descriptors of the shape of the tracer residence time distribution curve, these MDI, S, and N values only reveal half of the story in that they do not specifically consider volume utilization (Persson et al., 1999) . For this case, while the descriptors of the tracer curve showed reasonable plug flow conditions, poor volume utilization resulted in overall poor reactor hydraulic efficiency.
Potential causes of this non-ideal flow regime included poor design, installation, and/or operation. In terms of design, to reduce short circuiting by increasing the e, consideration should be given to the reactor shape, inlet and outlet placement, and the use of baffles (Persson et al., 1999; Thackston et al., 1987; Cameron and Schipper, 2011) . Thackston et al. (1987) noted for shallow basins, the L:W ratio had a strong influence upon e, thus providing increased rationale of the currently used L:W of at least 5:1 typical for drainage bioreactors (Christianson et al., 2011a) . This was consistent with the bioreactor studied here (L:W ≈ 8:1, based on top width). Persson et al. (1999) further recommended avoiding L:Ws less than 4:1. Unfortunately for agricultural drainage bioreactors, the practicality of changing the inlet/outlet placement and flow regime as studied by Cameron and Schipper (2011) is doubtful as the horizontal flow regime is dictated by the tile pipe location underground. Moreover, for drainage bioreactors, baffles may increase the complexity and cost of the installation; such factors may be detrimental to implementation of this voluntary water quality improvement strategy.
Regarding poor installation as a cause of non-ideal flow, a possible solution may be to reinstall the woodchips in the second half of the reactor where the short circuiting was suspected. However, due to this option's expense and potential to exacerbate flow problems, it was thought that improved outlet management would more simply and inexpensively help minimize the issue. Here, the falsely inflated theoretical retention times (relative to tracer residence time) could have been physically increased by increasing the flow depth and thus flow area by increasing the outlet level depth leading to improved N removal.
Although the bioreactor water surface appeared relatively level (Fig. 4) and attenuation of hydrograph peaks was observed (Fig. 5) , approximating the average water depth with a linear surface assumed between inlet and outlet structure water depths may not be accurate. For the example of estimated average water depth on 30 May, the worst case comparison yielded a 21% difference in water depth (0.40 vs. 0.48 m); this would impact retention time calculations which are based upon flow area. Most of this height difference was caused by the head drop at the inlet. Regardless, any such variation in calculation would be especially exacerbated here as with a trapezoidal cross-section bioreactor, the top water surface width was a function of depth.
Because this bioreactor was sized according to the design method by Christianson et al. (2011a) which uses a specific, userinputted change in head, the additional head difference of 0.52 m due to structure placement may have been driving more water though the bioreactor than as designed. This could be an additional potential reason for this bioreactor's reduced performance. During installation, it may be important to minimize the change in elevation between the inlet and outlet structures or alternatively consider any such elevation differences in the design. While a slight grade in the bioreactor bottom may help minimize zones of stagnant water or make installation easier if the bioreactor is "in line" with the tile pipe (Sutphin and Kult, 2010 ), it's important to have the bioreactor constructed according to the design parameters.
Seasonal and hydraulically driven performance fluctuations
Nitrate removal was observed within this denitrification bioreactor though only under specific conditions not experienced over the entire sampling duration. Fluctuating influent water temperature was thought to be important as several authors have documented the impact of temperature upon the microbial process of denitrification (Diaz et al., 2003; Cameron and Schipper, 2010; Christianson et al., 2012) . Although denitrification is thought to be able to occur in these systems at as low as 2-4 • C (Robertson and Merkley, 2009) , there was very low percent mass NO 3 − reductions during the cooler May and June sampling events. This period of poor NO 3 − removal and lower temperatures coincided with relatively higher flow rates and thus low retention times. This presents a major design and operational challenge for agricultural denitrification bioreactors as relatively increased drainage N loadings in the spring (Patni et al., 1996; Mirek, 2001; Kladivko et al., 2004) may make this early season the critical period for drainage water quality in the U.S. Midwest. Even attempts to artificially increase temperatures within a bioreactor (e.g., passive solar heating, Cameron and Schipper, 2011) , may not be sufficient to overcome low retention times inherent to spring flow conditions. Recently, concern has been raised about the potential for denitrification systems experiencing SO 4 2− reducing conditions to produce methylated mercury (Hudson and Cooke, 2011; Shih et al., 2011) . Shih et al. (2011) recommended maintaining at least 0.5 mg L −1 NO 3 − -N in the effluent to minimize this concern. Here, the effluent NO 3 − -N concentration was reduced to below this level on the August 24 sample event with a corresponding decrease in SO 4 2− concentration across the bioreactor (Fig. 7e) ; these conditions may have been conducive for mercury methylation within the reactor. In terms of design, a bioreactor should ideally be large enough to treat cool spring flows effectively while not so large as to precipitate ORPs conducive to SO 4 2− reduction in late summer. Operationally, outlet level management is again important here as when these conditions exist, this level should be reduced to minimize the saturated depth within the bioreactor.
Regardless of this bioreactor experiencing low hydraulic efficiencies, theoretical retention time was correlated with percent mass N reduction (Fig. 8) . Others have similarly noted increased N removal at higher retention times in both lab and field studies (Chun et al., 2009; Greenan et al., 2009; Woli et al., 2010; Christianson et al., 2012) . Here, to meet a 45% reduction of N as recommended by the U.S. Environmental Protection Agency Science Advisory Board (USEPA, 2007) , the original data would require a theoretical retention time of 27 h, and the modified models would require 15 and 8.5 h for the May 30 tracer (outlet only sampled) and May 17 tracer (all wells sampled) model corrections, respectively. Previous pilot-scale bioreactor regression analysis by Christianson (2011) yielded regression slopes of 4.06 and 8.38% N reduced h −1 which would have resulted in required retention times of 10.6-5.7 h to meet this 45% reduction (regression y-intercepts of +2.2 and −3.0, respectively). Importantly from a bioreactor design perspective, the Christianson et al. (2011a) design method used by some in Iowa was based upon 30-70% N removal at 4-8 h of retention observed in this earlier pilot work (8.38% N h −1 ; Christianson et al., 2011b) . Even under the most optimistic modified regression model here, this 4 -8 h would only provide 18-42% mass N removal. While this suggests it may be prudent to revise the minimum retention time requirement in this design method, it is valuable to recall increasing the minimum requirement may result in larger bioreactors thus exacerbating SO 4 2− reduction/mercury methylation at lower flow rates. There is a need for future work to further fine tune this concept of "optimized" retention time. It is also important to note that percent mass reduction is heavily dependent upon influent load meaning removal rate may be a more useful metric. However from the perspective of this design approach, there was no clear relationship between retention time and removal rate.
Conclusions
Investigation of internal flow hydraulics and several environmental parameters at a denitrification bioreactor treating agricultural drainage in Northeastern Iowa, USA showed a nonideal flow regime was a major detriment to NO 3 − removal at higher flow rates. Poor hydraulic performance was due to ineffective volume utilization, not insufficient plug flow (i.e., due to short circuiting, not dispersion or poor mixing). Water surface elevations and continuous pressure transducer data showed flow depths were attenuated within the bioreactor indicating outlet structure management is critical. This also showed that it may not be accurate to assume a linear interpolation between inlet and outlet water depths for water surface elevation. Over the sampling period, the flow and internal bioreactor conditions varied widely and there was also variation in NO 3 − removal performance. Such seasonal as well as drainage eventdriven variation would similarly be expected at other drainage bioreactors in the U.S. Midwest. Percent mass NO 3 − reduction was related to retention time, though considering the short-circuiting, tracer residence modified regressions matched previous work more closely. This may suggest that minimum design retention times should be increased; however, caution was also issued as increased design retention times and corresponding larger bioreactors may exacerbate detrimental by-products under low flow conditions. Treating N in drainage waters effectively and minimizing detrimental bioreactor by-products under all flow regimes and environmental conditions will be challenging, although outlet management can provide some post-installation flexibility.
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